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A range of novel silver sodalites have been synthesized. These solid

state microstructures are viewed as p g silver salts omprised of

nar-assemlies of silver cations tetrahedrally organized with various charge

balancing anions. A collection of physicoc ica characterization

techniques (UV-VIS reflectance/emissic/exitaticn; 1ininescenc lifetimes;

FT-FP/MI-I:R; XPS; TGA-M; 29Si, 27Al, 23Na MAS-NMR; Rietveld XRD profile

analysis) have been enployed to interrogate the structre and properties of

the parent silver sodalites, as well as the dmical and physical

transformations of the encapsulated silver salts that relate to a number of

interesting transducer effects. Intercvity cmmunication betwn entrapped

silver miczoagnregates and expanded-metal superlattice ideas will be

considered briefly. The utilization of the silver sodalites in high

resolution maging/printing and high density write/rea/erase data storage

applications are also considered.
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The myriad of one, two and three dimensional, molecular size channel

and ca str es found in the class of crystalline framewiork materials

referred to as zeolites, onfers upon th a unique spatial quality

displayed by few other classes of solid state materials. With this in mind,

recall that today's world of advanced solid state materials is unrelentingly

driven by the ever inceasing demands for smaller, faster, more selective

and efficient products and processes. Thus one can justifiably ask whether

or not the well known stxuctral, physical and cemical properties of

zeolites together with their size and shape discimination power,

traditionally applied in catalysis, selective adsorption, molecular sieving,

water softening and waste water clean-up to name a few, can be effectively

exploited in emerging new fields of solid state chemistry.

Cne of the points that will emerge from this paper, as well as others

to be presented at this conferen, is that micropros molecular electronic

materials with nancmter dimension window, chanel and cavity arditecture

represent a 'New Frontier" of solid state chemistry with great opportunities

for innovative research and development.

•ULM SI.TM: ?OEL. OPIT ALY RI IVE. PACng f SAL

A rarge of novel silver scdalites have recently been synthesized1 .

These solid state microstructures are viewed as "Packaged" silver salts

amprised of nanoassemblies of silver cations tetrahedrally organized with

various charge balancing anicns 2 .  A collection of physicachemical

characterization teciniques have been employed to interrogate the stictur



4

and properties of the parent silver sodalites, as wall as the chmical and

physical transformations of the ecaraated silver salts that relate to a

rumter of trwandmr effects 3 . An interesting question in these materials

CX intAravity communication between agregates of the entrappe

silver salt and the conetion of their properties with those of the

analogous bulk phase material (such as electronic transport,

photoconductivity, hoaqgatian and photoi 't). Irtracavity

redox processes that produce encapsulated silver clusters and expanded-

metal-uperlattice #wmmena above the percolation threshold loading level

are also intriguing avenues of expiry within the silver sodalite family of

materials.

In this summary paper we will briefly explore the synthesis and

characterization of a few key silver scdalites and examine their possible

utilization in high resolution imagirq/printin and high density data

storage applications.

A summary of som of the attractive features of silver scdalites in

solid state cheaistry is presented scheatically in Figure 1. The regular,

all space filling, cubic framewrk of sodalite (a Federav solid) provides a

h neoils micro ros matrix of 6.6 A sodalite cavities, suitable for

stabilizing small isolated molecules, atx and clusters as neutral species,

ions or even radicals2 (Figure 2). The unit cell dimensicrs, charge balance

requirements and cage-fillinq can all be tazd by incorporating a large

variety of anions during the sodalite synthesis. Various sodalite cage anion

packing schemes are illustrated in Figure 3. Variation in the Si/Al ratio

fro pure aluminate to pure silica sodalite are also possible as summarized

in Scheme 1.



IVRE A1L~n S00h= Sr 6 ((AlO) ).2SrX2
(Si/Al = 0) 6

NWe4 IL L0 AT (/A -{ ( (A10 2 ) 6 (SiO2 ) 6 ).2NaXT ES= LIMT (Si/Al _ 1) 2
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Tis impressive range of scda ite cage compositions attests to the

remarkable isawrphous replacment qualities of the sodal ite framework

topology2 . Substitution of the franwrk atcm (Si 4 + , A1+) for other

elements, such as, Ge4 + , Ga 3+ , B3+ , p5+, Fe3+ allows further control over

the material properties. Sodalites with soditm cation guests are readily

synthwsized by hydathermal reactions of silicate and aluminate sour

(e.g. kaolin; or silica gel and sodium aluminate) with the appropriate anion

salt in concentrated NaCH solutions 2 ' 3

Sodim ions are exchanged by silver ions in a silver salt malt, or n

instances, in a silver salt aqueam solution. The fra rk structure

is generally maintained after exchange, as confirmed by powder X-ray

diffraction and mid-IR of the framework vibraticns 3 . The silver sodal ites

prepared to date in our laboratory are 1 isted in Table 1. T silver

exchange pres is cciveniently monitored by intensity changes of
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diagrxstic soiAum and silver ion translatory modes in the far-IR as well as

shifts in the frequencies of far-IR anion translations 9 (Figures 4,5).

Many of the silver sodalites prepared in our studies are reel

materials. Interesting responses in color as well as lniecscence

prcpeties are oberved upon expcsir several czmpoiticns to a variety of

physical stimli, including heat, light, pressure, moisture, X-rays and e-

beams. These effects are categorized in Table 2. S of these changes

wre reversible or seci-reversible1 , the details of which will be published

elsewhere.

These effects are related to the ease of silver reduction and the

ability of the silver to form small clusters or expanded suerclusters

within the sodalite franevrk. In silver hydrc-, formate- and oxlato-

sodalites this is facilitated by intrazeolitic redox reactions:

2 Ag+(Z) + H20(Z) -> 2 Aq(Z) + 1/2 02 + 2 H*(Z) (11

2 Ag+(Z) + C(Z) -> 2 AgO(Z) + 1/202 + HK(Z) [2]

2 Ag+(Z) + Hh 2 -(Z) -> 2 Ag (Z) + (Z) + (Z) [3]

2 Ag+(Z) + C20 4 2-(Z) -> 2 Agq(Z) + 2 CD2  [4]

Reacticn [4) can be effected both thermally and phtolytically. Note that

these equaticns are interded to illustrate simple stoictiumetric redox

reacticis and are not meant to represent balanced unit cell reacticns.

Depeing an the level of silver exchange, agreates of the type

(AnNa4 )q+, n - 0 to 4, may be for, I within the cages, where charuge

variations of q in the range q - (4-n) to 4 can lead to the observed cptical

responses.
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By ir asing the silver loading in the parent sodalite, it is possible

to form cluster and extended supercluster structures in the quantum size

reime. Such sperclusters have been rx=rtd in the case of semicductor

materials in faujasites and zeolite A.1 0  Cne important advantage of

sodalites over the other zeolite hosts is that the sodalite lattice is not

couprised of coexisting sodalite and superc but is instead entirely

ozzposed of close-packed sodalite cages, thereby permitting direct or

thrauxh-bond interaction between silver guests in All cages. In addition,

sodalites are unique due to the presence of guest-anicns, which can not only

be used as internal reagents (e.g. for intra-sodalite cage redoc reactions)

but also provide great flexibility in the c¢qopsitin of trapped species.

By judicious selection of the anion and cation cne can form packaged

insulators, semiconductors as well as uetals within the sodalite framwork.

Carntrol of the guest-cncetration in sodalites allows transitions from

molecular type species to expanded bulk materials above a percolation

threshold (Pr), as illustrated in the following schtm:

I -

,NSL ~C WETNS
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T co&lato system has been strb Aied in greatest detail with various

silver loadings. The results of a full-profile Rietveld analysis I I of X-ray

powder diffraction data for completely silver ion-edranged AP,Ox-SOD are

illustrated in Figure 6. The data wre refined, allowing for three types of

silver, each statistically distributed. A good refinemnt ws obtained

which is reflected in the small value of x2 = 2.16 and final R factors of

wRp - 0.140, Rp - 0.107. In accordance with the -2 darge an the oxalate

anion, both anion filled Aq4Ox and emprty A94 cages are oberved displaying a

tetrahedral disposition of Ag atoms with each Aq cordinated to three oxygen

atoums in adjacent six-n s. The ir g Agq-Ag distance is ca. 6 A for

oxalate icrr-ontaining cages and 5.5 A for ept y Ag4 cages, with intereage

Aq-Aq distances of 4.5 A and 4.6 A, respectively. For those cages

exhibiting sane loss of AqjaR (extracted in a hot washing procedure) residual

Ag3 triarles are oberved with an intracage Aq-Aq distances of 4.5 A and an

intercage A-Aq distance of 4.9 A. 1 1  nfle intermtonic distanc are too

long for direct overlap of the silver orbitals but they are well within the

range of throcuf-brd interactidn involving the sodalite framework. Such

long range interactions would allow the formation of an expanded silver

supercluster, similar to a recently reorted (OiS) 4 sercluster formed in

the sodalite cages of zeolite Y above the perolatin threshold, with ad to

Cd distances of ca. 6 A between adjacent sodalite cages. 1 0

After aqueus silver exchange, sodium/silver cxalato-sodalites are

white. Following thermal treatmen at a teuperature allowing for axalate

ric- rSiticn, the materials absorb light in the UV and visible reiom, the

a sorpticn spectnm depending on the silver cnntration (Figure 7).

Cocentraticn effects are also exhibited by the position of the most intense
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eission bands3 . Variations in both the identities of trapped silver

clusters and the unit cell sizes can be responsible for the shifts in

transition energies.

It is important to note that in the virgin Na,Ag,Cx-SOO sarples, oe

does nut observe a linear increase of the unit cell dimension with Aq+

loading (Figure 8). The largest inrease in unit cell size occrs following

the intrdunctio of what appears to be less than a single W per unit cell.

One dea± therefore that the observed changes in nit cell size are not

"piurely" R(Na + ) and R(Aq + ) spatial effects but instead ccntain subtle

ontributions arising from electronic, bcrding and coordination differences

betwen Na+ and Aq+ cations.

Another point that ermerges from the XRD data for Na, Aq,Ox-SOD as a

function of Aq+ unit cell content, concerns the question of the distribution

of silver in sodalites with mixed Na+/P + crpsitins. Thre models

require serious consideration:

a) damains of 4Na+ and 4Ac+

b) Oree (Na+) n(Ag:+) 4-n (n fixed)

c) statistical (Na+)n(Ag+)4 _n (n = 0 - 4).

From the XRD results, one can eliminate ordered model (b) as no

superlattioe reflections were observed. Also no splitting or broadening of

XRD lines expected for a domain model (a) were noticed after silver

addition. Furthermore, ao does not appear to change abruptly with Aq+

loading, indicative of an alteration from one ordered pase to another. On

these grounds we can conclude that the observed smooth, mrxtcric change in

a. with Aq+ in Na,Aq,Ox-SOD implies the statistical model (c) and the

existene of a "solid solutio" of 0-cage erazalated (Na+)n(Ag+) 4 _n
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moieties.

In this context the silver concentratin depene of 23Na MAS-

'mical shifts is particularly interestiig 1 j. To begin with, 2 9 Si and 27AI

MAS-NMR data for the parent Na,Ox-SCO shows evidence of three types of

sodalite cage, that is, Si(4A1) and A1(4Si) tetrahedral graupings

corresponding to distinct A-cage otents, namly O(C42- ), 1 ( -) and

O(erpty), cf. Figure 6. Also one knows that the 2 9 Si dhmical shift for a

large range of sodalites diretly correlates with the unit cell dirnsion ao

and the SiOA1 angle a.12 Here 29Si shielding increases with a, paralleling

enhanced 0(pw) -> Si(d) charge-transfer. We find a soth correlation of

the 2 ' mica. shift with a. as the Aq+ content of the unit call is

increased (Figure 8). As one knows that ao and a are linearly dependent,

one can deduce that the ckserved mortcanic trend in 2 3Na chemical shifts for

Na,Ag,Ox-SOO with increasing Aq+ cnntent originates frnm a sympathetic

change in a, mainly traceable to alteratics in the L diamagnetic

contribuztion to the 23Na chemical shift. This arises from a constant

decrease in charge density fram the sodalite cage lattice six-ring oxygens

to Na+(3s) as that to Si increases. Cn a final note, the 2 3Na MAS-NMR

chmical shifts described above refer to average valies for the different

distributions of Na+ cations, in three distinctf1-cages for the hydrated

Na, Aq, Ox-SOO mterials as a function of W loading. Hydration levels and

quadrupole broadening/relaxation effects have yet to be evaluated.

Te fate of the axalate ion during thermal treatmnt was followed by

ther ravimetric analysis coupled with mass spectrometry (TCA-M) 3, mid-IR

and powder X-ray diffractian 1 , Figure 9. Cmparisan of the

results for sodim oxalato-scdalite and silver axalato-sodalite indicates
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that the reict~on potential of the catian directs the reaction mechrim.

hile in the silver acalate sodalite the anion is oxidized to c 2 with

cacomitant reduction of the silver ions, oalate ion decampwition in the

sodium oaalate sodalite pro&x CO and C32-, with no rdC reaction

c -rrir. 3 . In mixed sodiVmsilver oxlato sodalites the degree of silver

exyige can thus be used to control rt only the optical and strutural

properties, but also the thermal behavioar of the sodalite.

he question of the extent of silver reduction followir thermal

d - .ition of Ag,Ox-SO0 has been addressed fra the TGA-MS analysis of

C02 and 02 evolution3 . This provides an "ideal case" estimate of the

maxizmu degree of silver reduction. With reducin electron equivalents

derived frtn intra-f-cage C204 2- derpition (Equation [4 ) ) and

autoreduction by intra-0-cage water and hydroxide (Equatins [1] and [2])

one calculates that the maximum change in oxidation state of silver wmnits

to an average of only 0. 5e- per unit cell, cOIrespCrding to 6% per silver

ion. This nicely acctuts for our XPS analysis 3 of the parent and thermally

del: npcssi Ag, Ox-SOD which shows very little change in the silver ion core

level ionization energies.

In concert with the TGA-M+ data it is intriguing to note the

corresponding alterations in unit cell dimension ao in Aq,Ox-SOD and its

parent Na,Ox-SOO with temperaturel I (Figure 9). In both cases a drastic

cell expansion ccurs as water is driven out of the sodalite cages

paralleling the results reported for Na6 -SOO'4H 20 -> Na6-SOO. 13  nTus

unusual pnamrxz is ascribed to the loss of structural hyizaen-bonduii

betn the encaulated H20 and the sodalite framework cxygens, there

allowing the cage to "flex and expand". Of particular importance is the
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meaasrable decrease in unit call dimensin of Aq, x-SOO and Na,Cx-SOD arcurd

350"C and 450'C roughly corresponding to the thermal dm ition of

2- 2-
C204  to 2CO2 and CO/%- respectively. 1 1  Tis is nicely in line with our

TGlA-MS observatians which show the evolution of C02 or CD in these

temperature reicns.
3

Although the number of electron equivalents involvd in intracavity

silver ion reduction is relativaly small, the alteration in silver cluster

optical prcperties that ensue are quite spectacular, (Figure 7). As a

result, the silver sodalites lend themselves to applications in high

resolution imaging and optical data storageI , because the regular close-

packed framework strcture contains small entrance wiows with 2.2 - 2.6 A

diameters and single-size cages with 6.6 A diameters, which can trap and

stabilize clusters formed inside. During a write cycle these clusters can

be manipulated by the physical or chemical treatments described above (Table

2) to dane their otical properties and produce a mark an the sodalite

sanples. The presence or absence of an optically absorbing or fluorescing

mark defines a binary state. Te size of the mark is affected mainly by the

silver distribution, the sodalite particle size and the writing mechanim

employed. The sodalite may be in the form of a self-suprting pressed

disk, suspended in another material (e.g. glass or polymer), or supported cn

a substrate as a thin film1 .

FurtLer research efforts will be dixrcte at haracterizirq the silver

clusters resprsible for the optical prcperties of silver sodalites, and at

fime-tunirq the compoitions of thse cxrpouds to cptimize their responses.
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Assemling the information frum the present study of silver sodalitas

one can deduce that:

i) silver sodalites can be synthesized with a variety of ptoraiac

resposes;

ii) the distribution of f-cage encapsulated (M+)n(Aq+) 4 _n  moieties is

statistical (solid-soluticn like as a function of n);

iii) framwrk destruction occurs under strongly reducing (e.g. H2 at 3501C)

conditions;

iv) the proprties of the sodalites can be controlled by the nature of the

anion and cation and their relative concentrations.

Specifically, the aptochrcmic respcnses in the silver scdalites are

dtermi by:

v) the ease of silver reductio;

vi) the ease of anion de =wsitian if a redcx reacticn is involved.
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FIGORE CN1X

1. Sumary of features of silver sodalites of interest in solid state

awO sty.

2. A) Sodalite cage of SiO4
4 - and A10 4

5- tetrahedra shoin the oxygen

bridges. 4  B) Unit call of sodalite with [Na 4 Cl] tetrahedra at the

centre and cornes of the cell. 4  C) Stereplot showing the close

packing of cages in the sodalite structure. 5

3. The effect of charge restrictions in a 1:1 aluminsilicate scdalite

with mcrmalent cations. An idealized layer of sodalite cages is shown

in each case. Extraframework cations are left out for clarity. A)

Each cage is ocpied by a mcnovalent anion. B) A trapped electron

(F-centre) can replace an anion in Ipiotochramic or cathdcdr c

sodalites. C) Divalent anions require that half of the cages do not

contain negative ions. D) Anion mixing allows sce control over

negative ion deficiencies in the sodalite cages.

4. Far-IR spectra of dhlor sodalites with various silver loadings. A)

Na,Cl-SOD. B) Na,Ag,Cl-SOO (1 Ag/u.c.). C) Na,Ag,C-SOD (2 A/u.c.).

D) Ag,Cl-SOD (8 Ah/u.c.). The spectra are not all shown on the same

aheorbanc scale. "f" denotes a frameork absorption.

5. Far-IR spectra of halo-sodalites, A) Ag,Cl-SOD. B) Aq, Br-SOD. C)

Ag, I-SOO. D) Na,C1-SOD. E) Na,Br-SOO. F) Na,I-SOO. "f" denotes a

frauework absorption.
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6. Four cages of Ag,Cx-SOD showing the framework of SiO4 4 - and A104
5 -

units, silver ions, the oxalate anion, and water molecules. Exeapt for

hydrogen atcms and the oxalate ion, all atoms were located by a

Rietveld profile analysis of powder x-ray diffraction data (wRp =

0.140, % - 0.107).11

7. UV-visible reflectance spectra of oxalato sodalites. A) Na,Ox-SOO

(white). B) Na,Ag,Ox-SOD (1 Ag/unit cell), (light grey). C) Na,AgOx-

SOD (2 Ag/unit cell), (bluish grey). D) Ag,Ox-SOD (green). E) Ag,Ox-

SOD, exposed to sunlight for four days (pale yellowish green). Sanples

B - E were prepared by melt exchanges.

8. Variation in the unit cell sizes of Na,Aq,Ox-SOD and 23 Na MAS-NMR

chemical shifts as a function of silver loading.

9. Variation in the unit cell sizes of Na,Ox-SOO and Aq,Ox-SOD with

temperature. A drastic cell expansion occurs as water is lost. When

the sodalites release CO or C02 , respectively, the unit cell size

decreases slightly.



Silver sodaIites preared in this stuIy.

Sodalite Type ascan for Study

Ag, Cl-SOD Analogues to tc and
cat -- c sdalites;

Ag, Br-SOD Similarities with ptoraphic
process;

Ag, I-SOD Occl,,xce guest species are photo-
cn uctors, semiconduitors,
fast-ion oondutors;
Study variation in proerties
down a group.

Ag, S-SODa  Sensitization;Pioog=crapic Imaging.
Aq,1Br, S-SOD

Ag,OH-SOD Some hydroxide present in mos
hydrothermrlly prepared sodalites.

Cages contain only three silver
A6-SOD ions and no anion;

Occluded metal clusters;
Expanded metal;
Quantxn size effects.

Ag,CD-SOD Intracage anion decami sitic
possible;

Ag,HCD2 -SOD a Ag,Fo-SOD Pdox switding.

A9,C 204 -SOD a Aq,OX-SOD

A, C10 4 -SOD

Ag, SOX-SOD _ _ _ _ _ _ _ _

Mixed cation system to study
Na,Aqg,X-SOD silver concentration effects;

Tumable insulators/semiaondtors
(NaX: irlators; AgX: sem-
cmcritrs, ion codutrs).

Notes: a) An XRD powder diffraction analysis indicated that
significant framwrk decomposition occrred during
the synthesis of Aq,S-SOD by melt exchange.



Qualitative~~ of silvw saflite to varicm j&Iim1 st mi.

White Aq, IH-SOD or Aq,HC02-SOD samples darken upon
application of pressuz e.

HY~EROHOC:

Aq,OH-SOD undergoes a reversible olor change upo
dehydration.

RI RJIC:

Color dhanes and/or sample darkening can be produced
by irradiation of g,cx-soD, Aq, (2-so, AqCD3-SOD,
Aq,HOD2-SOD and s.lftw-doped silver sodalites with
various light sore.

Na,Aq,Ox-SOD, Aq,CH-SOD and sulfur-doped silver sodalites

urder various color cae upon heat treatment.

X-RAY S5I -r1Y:

White Aq,Ox-SOD turns yellc;is green uon expoure to
x-rays.

Heat, light and x-rays can induce Na,Ag,Ox-SOD samples to
fluoresce under UV-light.



Sodelite Framew~ork as Stable Matrix
for Trapped Clusters Polytetrasiluer Sodeilte

"Expended Meter*

Siluer Ions:

E asily Reduced
*Easily Emchenqed

Into Sodelite
M ~onitor Ion Emchange
By Far-IR

Why Silver Sodialites?

Silver Clusters Au Electronic and 1oni
Fluorescence Probes Coductiulties

Possible Applications

Photographic Process: as High Resolution

0- Imaging and Optical
H~ hv -- ) H # e Oats Storage
Rg. e---) Ag3  

Materials

Precedents Of Vorious
Siluer Clusters In

Other Zeolites
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Veriatiem of unit call size with Silver Chncetration
(11e.AgOX-Sodeiites)
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